Direct detection of spontaneous polarization in wurtzite GaAs nanowires
We demonstrate the direct detection of spontaneous polarization in the wurtzite crystal phase of gallium-arsenide (GaAs) nanowires. Using differential phase contrast microscopy (DPC) in a scanning transmission electron microscope, we map the differences in charge distribution between the zincblende and wurtzite crystal phases and use twin defects in the zinc-blende phase to quantify the polarization strength. The value of 2.7 Â 10 À3 C/m 2 found for the polarization strength matches well with theoretical predictions. It is well known that due to their catalytic growth mode III-V-semiconductor nanowires (NWs) can grow in crystal structures that differ from the stable bulk crystal structure-a circumstance that is often referred to as crystal structure polytypism. [1] [2] [3] [4] [5] This allows to study the properties of crystal phases which are not or only rarely accessible in bulk or 2D materials. In our case, this is gallium-arsenide (GaAs) in the wurtzite (WZ) phase, which has mostly been subject to theoretical works 6 so far, as there have been only very few publications about WZ in GaAs layers 7 or in bulk crystals after a special pressure treatment. 8 At first sight, the zinc-blende (ZB) and WZ crystal structures differ only in the stacking sequence, which is ABCABC and ABABAB, respectively. Structurally this causes a lower symmetry of the WZ with only one instead of four equal symmetry axes compared to the ZB. On the atomic level, the orbitals of the sp 3 -hybridized atoms no longer form a symmetric tetrahedron but the bond in [0001] direction is shortened (in the non-Nitride case) or elongated (Nitride-based). In the non-Nitride III-V-materials, i.e., the Arsenides, Phosphides, and Selenides, whose bulk structure is ZB, this results in a narrower lattice spacing along the WZ [0001] direction 9 which corresponds to one of the four h111i axes of the ZB structure. This leads to a non-uniform distribution of the orbitals around the core and therefore a displacement of the centers of positive and negative charges associated with "sheets" of alternating charge density along the [0001] axis.
This phenomenon which-among polarization phenomena of different origins-affects the electronic and optical properties of the material is called spontaneous polarization and is a well known issue in the (WZ structure) III-Nitrides. 9, 10 Especially at the interfaces of heterostructures polarization leads to accumulation of charges and therefore internal electric fields which are known to be the reason for the quantum-confined Stark effect (QCSE). 11, 12 In contrary, spontaneous polarization has not been of importance in other III-V-semiconductors yet as it does not occur in the stable ZB crystal phase. As WZ-GaAs is available now in NWs two publications addressed the problem of spontaneous polarization in such materials theoretically 9 and in its potential effect on the luminescence spectra. 13 Both groups estimate the spontaneous polarization in WZ-GaAs to be one order of magnitude lower than in the III-Nitrides. In the following, we will present direct experimental evidence of the spontaneous polarization in WZ-GaAs as well as a quantification of the polarization strength based on the electric field between isolated twin stacking faults (SFs) via differential phase contrast microscopy (DPC).
DPC in a scanning transmission electron microscope (STEM) is a long established technique for the measurement of magnetic fields 14 and has recently been demonstrated to be capable to map also internal electric fields and charge distributions on nanometer 15 and even sub-Å length scales. 16 The application of this technique on the measurement of internal electric fields has been discussed in detail in Ref. 15 . We use a FEI Tecnai F30 transmission electron microscope (TEM) where the standard annular dark field detector has been replaced by a custom made DPC detector that consists of a ring-shaped detector area divided into four segments that can be read out separately. To denote their position, the segments are named "3," "6," "9," and "12" corresponding to the numbers seen on a clock face. Prior to image acquisition, the electron beam is aligned on the detector such that the electron diffraction disc illuminates only a small inner rim of the detector ring and that all four quadrants are illuminated equally. While the beam is scanned over the sample the signals from the four segments are read simultaneously for every beam position. If there is a deflecting field within the sample, the detector segments are no longer illuminated equally but the intensity is reduced on some segments and increased on the opposing ones. The setup has been calibrated to determine the electric field within the sample from the measured beam deflection.
By calculating the intensity differences I 3À9 and I 12À6 of opposing quadrants, the signal caused by the deflecting field is separated from that of non-directional scattering processes. The resulting difference images represent the beam deflection along two perpendicular coordinate axesx 1 andx 2 defined by the connecting axes of opposing detector segments. The intensity of these difference images is proportional to E Â t, where E is the electric field perpendicular to the electron trajectory and t is the thickness of the irradiated sample position. 17 For geometries with the electric field a) 
Here, a is a calibration factor that describes the relation between the electric field and the resulting difference signal, t is the local sample thickness the electron beam has traversed, and I Sum is the integrated intensity over all four detector segments which is needed to eliminate the influence of variable local absorption conditions. As polarization acts like layers of positive and negative charge, the effect on the beam electrons can be treated in analogy to a plate capacitor filled with a dielectric. Therefore, one can calculate the spontaneous polarization P sp from the electric field by P sp ¼ ee 0 jE * j. Furthermore, we calculate the divergence r * Á E * ðx; yÞ $ q 0 ðx; yÞ which is proportional to the charge density q that the beam electrons have experienced in average along their way through the specimen at a certain beam position (x,y), hence we call these images "charge distribution maps."
The presented data was taken from a GaAs NW sample that was grown by MBE in pseudo-Ga catalyzed growth mode 18 on a GaAs (111)B substrate covered with a 0.5 Å gold layer. At a temperature of 528 C, GaAs NWs were grown with a growth rate of 2.8 Å /s and an As 4 beam equivalent pressure of 3.2 Â 10 À6 Torr. For the TEM investigations, NWs were transferred to a carbon coated TEM grid by simply wiping the grid over the as-grown sample. For the recording of the presented data, a NW was oriented in a h11 20i Hex (corresponding to h1 10i Cub ) zone axis which ensures that the electron beam transverses the sample perpendicular to the growth direction and therefore perpendicular to the expected electric field vectors, meeting the requirements for Eq. (1). Figure 1(a) shows the upper part of a typical NW from this sample. Those NWs typically show twinned ZB crystal structure over the majority of their length ðՇ5:5 lmÞ, while the upper end can be characterized by a several 100 nm long transition region from ZB to WZ with a high stacking fault (SF) density and another %300 nm long segment of SF free WZ. The morphology of the whole upper part can be associated with the termination of the growth process, where the Ga supply is closed but an As 4 atmosphere is retained until the substrate has cooled down. 18 In Fig. 1(b) , it can be clearly seen that the crystal structure switches back from WZ to ZB a few nm before the NW diameter reduces towards the droplet. The ZB region contains two closely related twin stacking faults (marked with a white arrow) and a mix region where the crystal structure changes ZB-WZ-ZB-WZ-ZB, each segment only some monolayers thick ("Mix").
In the charge distribution map in Fig. 2 , taken from the same region as Fig. 1(b) , electrically neutral regions show up as neutral gray, whereas charged areas appear brighter or darker. The superimposed curve is a line scan profile across the same image to allow for a better judgment of the signal amplitudes. The features identified in Fig. 1(b) can be found also in the charge distribution map. It can be clearly seen that the WZ in the left third of the image shows pronounced alternating positive and negative charges which leads to a stripe pattern of nearly constant amplitude, while the ZB region is neutral with only some noise. DPC thus delivers direct evidence for the existence of spontaneous polarization in the WZ phase of GaAs and its absence in the ZB phase.
However, in the line scan profile the WZ-ZB interface and the small ZB segment between the WZ segments of the "Mix" section (both marked with black arrows in Fig. 2 ) appear to be significantly more polarized than the WZ itself. Also their direct surroundings do not show a clear and consistent behavior. This can be explained by the image acquisition process: The electron spot has an Airy Function like intensity profile and the intensity of every image pixel is the result of the convolution of the electron beam profile with the probed potential landscape. As for the device used here the FWHM of the central maximum of the electron beam is about 1 nm, which corresponds to about 1.5 lattice constants of WZ-GaAs along the [0001] axis, 6,7 several positivenegative transitions are within the probed volume. In the pure WZ, this leads to an averaging effect and therefore to an underestimation of the charge density. In contrast, in regions where different crystal phases are in direct vicinity the image intensity is strongly influenced by the interplay , and a section with alternating very thin ZB and WZ crystal structure segments ("Mix").
FIG. 2. Charge distribution map q
0 ðx; yÞ at the NW tip across regions of WZ and ZB with overlaid intensity profile. The WZ structure and interfaces between different crystal phases (black and white arrows) show clear positive-negative transitions, whereas ZB areas appear in neutral, but noisy gray, i.e., they are uncharged. The white arrow and the "Mix" label correspond to the features as seen in Fig. 1(b) .
between electron probe profile and sample structure which further complicates their interpretation. Also it turns out that the four-quadrant detector setup used in this experiment does not allow for quantitative measurements on crystal lattice length scales. 19 For that reason, a direct quantitative access to the spontaneous polarization in WZ is not possible with the given setup. However, there is no such limitation for fields that can be considered homogeneous over areas larger than the beam diameter.
Thus, for a quantification of P sp a feature is needed where such a homogeneous field over several nanometers length can be expected. The feature that is most well-defined in this context is the twin defect in the ZB structure with a stacking order of ABCBA, i.e., the stacking order is simply reversed. The BCB part can be considered as the smallest possible WZ segment embedded on both sides into ZB material, where the latter is free of polarization. If two such twins are located at a distance which is small compared to the NW diameter, this arrangement can be treated as a plate capacitor where the sheet charges at the twin defects act as capacitor plates filled with a dielectric of susceptibility 20 e GaAs ¼ 13:17. An arrangement as described above was present in the sample as depicted in Fig. 3(a) . For quantitative measurements, it is important that the entry and exit surfaces of the sample are parallel 15 which is ensured by the fact that the NW is lying on one of the six f11 20g side facets and is oriented in the same zone axis. As GaAs NWs are known to grow in very regular hexagonal shape, [21] [22] [23] [24] the transversed sample thickness t can easily be determined by geometrical considerations from the observable width w of the NW as t ¼ ffiffi 3 p 2 w ¼ ð11165Þ nm. This thickness can be considered constant as long as the measurement is constricted to the region where the NW has plane-parallel surfaces as indicated by the dashed frame in Fig. 3(a) .
The charge distribution map as well as the electric field map (Figs. 3(b) and 3(c) ) clearly demonstrate the capacitorlike configuration of this structure: in the former a bright line at one and a dark line at the other interface indicate positive and negative sheet charges at those interfaces, while in the latter the electric field between the interfaces (blue) points opposite to the field on their outside (yellow). Figure 4 depicts the strength jE * j of the electric field calculated according to Eq. (1) along a line through the center of the image area depicted in Figs. 3(b) and 3(c) . As only the height of the step at the twin boundaries is of relevance, we subtracted a signal offset such that the average field outside the double twin structure is zero. The height of the step was determined by taking the average of the curve between the vertical dotted lines in Fig. 4 Fig. 3(b) but taken from Fig. 3(c) . As only the step height is of importance, the curve was set such that the outside (regions marked "A") of the double twin structure has a mean value of zero to facilitate interpretation. The blue dashed and dotted lines represent the averages and standard deviations inside (B) and outside (A) of the double twin structure. The step edges between the vertical dashed lines were excluded as they contain measurement artifacts. On the right vertical axis the spontaneous polarization according to P sp ¼ ee 0 E is displayed.
margin from the thickness determination and the measurement setup itself this sums up to an electric field value of (23 6 5) MV/m. In terms of spontaneous polarization, this results in P sp ¼ (2.7 6 0.6) Â 10 À3 C/m 2 which agrees fairly well with the ð2…3Þ Â 10 À3 C=m 2 predicted by Belabbes et al. 9 Using DPC in a STEM, we could show unambiguously that there is a spontaneous polarization within the WZ phase of GaAs NWs and measure its strength. It turns out to be significant although an order of magnitude smaller than in the III-Nitrides. The resulting internal fields will have implications on the electronic band structure via the QCSE and therefore on the optical properties of NWs, supporting a recent interpretation of luminescence spectra.
